Abstract--Viscosity and light-transmission measurements of dilute suspensions of montmorillonites having different exchangeable cations were used to calculate relative particle sizes as a function of cation composition, where particle size is expressed as the number of clay plates per tactoid relative to the number of plates per tactoid for Li-montmorillonite, after exchange of Li, Na, K, Cs, and Mg by Ca. Tactoid sizes increased in the order Li < Na < K < Mg < Ca, with the number of plates per tactoid relative to Limontmorillonite varying from 1.5 for Na-to 6.1 for Ca-montmorillonite. The results for tactoid sizes derived from light transmission and those derived from viscosity data are in reasonable agreement with each other and with literature data for similar systems. Upon exchange of Ca-counterions for Li-, Na-, or K-counterions, a sharp initial decrease in tactoid size was observed over approximately the first 30% of cation exchange. Upon further exchange, tactoid sizes changed only slightly, but when Ca was exchanged for Cs or Mg, a much more gradual decrease in particle size was observed.
INTRODUCTION
The interpretation of many properties of clay suspensions is traditionally based on a model of separated clay plates with well-developed electrical double layers. The association of clay plates influences ionic distributions in solution and lessens the ability of standard, diffuse double-layer theory to describe these systems. In dilute suspensions of montmorillonite, face-to-face associations are the most significant configurations (Rand et al., 1980) , and tactoids tend to form. In suspensions of the same homoionic parent clay the larger size of Ca-montmorillonite particles vs. Na-montmorillonite particles, for example, should not be a matter of larger major particle diameters; indeed, electron micrographs show the same average major dimensions for particles in both ionic forms (Banin and Shaked, 1970; Shomer and Mingelgrin, 1978) . Changes in particle-particle associations might be expected to be manifested in changes in the average number of plates per tactoid.
From neutron scattering measurements, estimated the thickness of Li-and Cs-montmorillonite tactoids in 1% suspensions to be 10.3 and 40/~, respectively. Hight et al. (1960 Hight et al. ( , 1962 interpreted small angle X-ray diffraction data in terms of individual Na-bentonite plates and 6-8-plate tactoids for Ca-bentonite suspensions, van Olphen (1959) estimated from viscosity measurements that Ca-bentonite tactoids are about 3.8 times as thick as Na-bentonite tactoids and found that gel formation required about 3.4 times as much Ca-as Na-clay.
The literature reveals a certain amount of variability with respect to the average number of plates per tactoid. In particular, the values of Banin and Lahav (1968) based on light transmission and those of Shomer and Mingelgrin (1978) based on electron microscopy are about twice as large as those based on other measurements (vide supra). Lahav and Banin (1968) used optical measurements to demonstrate the effects of different clay preparation procedures, and Shainberg and Otoh (1968) and Blackmore and Miller (1961) found that air drying of suspensions caused an increase in particle sizes, whereas freeze drying did not. Banin (1968) and Shainberg and Kemper (1966) described M+-Ca 2+ ion-exchange phenomena for montmorillonite in terms of the greater affinity of Ca ions for inner tactoid surfaces. Accordingly, redistribution of ions on the surfaces occurs during ion-exchange reactions. A number of studies on the variation of tactoid sizes (cited below) show an increase in tactoid size in the counterion series Li, Na, K, Cs, Mg, and Ca.
Light-transmission and viscosity investigations furnish a measure of the sizes and shapes of clay particles and have the advantage of simplicity of measurement in that they use amounts of suspension that are easily handled and the suspensions need not be dried or otherwise treated. These techniques also provide independent means of obtaining the same information. In the present paper these methods and a model of tactoid structure are used to describe changes in tactoid size during ion-exchange. Doty and Steiner (1950) established the validity of transmission methods as a means of measuring the light Copyright O 1982, The Clay Minerals Societyscattering of colloids, and equations can thus be formulated to contain a transmittance term, I/I0, where I and I0 are the intensity of the transmitted and incident light, respectively. For a suspension of u particles in 1 cm 3 the intensity of scattered light, It, is related to the absorption coefficient of the Beer-Lambert law by:
THEORY

Light-transmission measurements
where L is the optical path length and R the intensity of the light scattered by an individual particle. The product vR is also termed the turbidity, z. The absorbance index K equals 0.4343r. Raleigh's theory of light scattering results in a relation (Jonker, 1952) In I/I0 = -constant0,V2).
Thus for a given concentration by weight (Vv = constant), the intensity of scattered light increases with particular size. From the Debye theory of light scattering, the turbidity is given by (Jonker, 1952) 
where c is the clay concentration (g/ml), and M is the average particle weight and
where ns is the refractive index of the suspension, A is Avogadro's number, and hvac = hn0. Jonker (1952) reviewed the basic assumptions underlying these equations. At low particle concentration, the Raleigh and Debye theories yield the same result. These equations hold where the incident light is attenuated through scattering only, that is, where no absorption of light takes place. For the refractive index of a suspension, a simple additivity principle will be assumed (cf. Banin and Lahav, 1968) . Thus,
where the refractive indices of suspension, dry clay plates, and water are given by ns, no, and nw, and ~c is the volume fraction of (dry) clay in the suspension. The clay volume fraction is given by
where c is the clay concentration (g/ml) and pc the density of the clay (g/cm3). For montmorillonite pc = 2.80 g/cm 3 (Deeds and van Olphen, 1963) . Thus, Eq. (5) becomes ns = c(nc -nw)/p~ + nw.
The refractive index increment of a dilute suspension is:
which then converts to dns/dc = (nc -nw)/Pc.
This equation is in accord with the measurements of M' Ewan and Pratt (1957) . Referring to Eqs. (3) and (4), scattering is due to the refractive index changes caused by the presence only of the clay plates themselves, not by the water within the tactoids, and one can simply write:
where m is the weight of a clay plate and N is the number of clay plates per tactoid. To be consistent, a tactoid model including water must in the end reduce to an equation similar to Eq. (10) where M is directly proportional to N. Eqs. (3), (4), (5), (9), and (10) combine to yield
For two suspensions of ionic form i and j, Eq. (11) may be expressed as a ratio of absorbance indices, Ki/Kj, for a given clay concentration and wavelength. Assuming nc i = nc ) = nc and pc i = pc j = pc for practical purposes,
As will be discussed below, Eq. (12) is essentially equivalent to the result of Shainberg and Otoh (1968) . This very simple equation yields the relative numbers of plates per tactoid immediately from the optical measurements. Eq. (12) differs from the one proposed by Banin and Lahav (1968) ; and it is of interest to discuss the reason for this discrepancy. Banin and Lahav formulated the volume fraction of tactoids in a suspension, qbt, as
where Pt is the density of a tactoid and c, the weight of dry clay per milliliter, is defined as in the present work (see Eq. (6) in Banin and Lahav, 1968) . However, in the context of their presentation it is the concentration of tactoids, ct which is required and not the dry weight concentration:
The values of ct and Pt depend on the nature of the tactoids. Banin and Lahav assumed a model of clay plates separated by about 10-/~ thick layers of water, this distance being in accord with the X-ray diffraction studies of Norrish (1954) and Blackmore and Miller (1961) . On this basis they wrote
utilizing Eq. (8) and additivity of the suspension refractive index stated as: Banin and Lahav (1968) derived an expression for dns/ dc (their Eq. (14)) which depends on N, the number of plates per tactoid. Such a dependence is in disagreement with Eq. (9) of the present work and with the conclusions of Shainberg and Otoh (1968) . It is easily shown that when the correct tactoid volume fraction Eq. (14), is used instead of Eq. (13), Eq. (9) once again results. If qbct is defined as the volume fraction of dry clay in a tactoid, and Banin and Lahav's (1968) assumption is used that
one can derive from Eq. (14) the following:
By combining Eqs. (12), (16), (17), and (18), Eq. (9) is obtained for dnfldc. Indeed, this result should be obvious because nt is assumed to be an additive property of the refractive index of tactoid water (which has a refractive index simply equal to nw) and clay plates with a refractive index equal to no. In other words, whether the water is taken into account as tactoid water or not does not influence dns/dc, and thus N, the number of clay plates per tactoid should not influence dnJdc, only K via Eqs. (10)- (12). For suspensions of equal weight of clay per milliliter, uiVi = ujVj and nc i = nc j, one finds from Eq. (3) that
the result of Shainberg and Otoh (1968) . In this formulation, V is the volume of the clay plates only in a tactoid and thus is directly proportional to the number of clay plates per tactoid, i.e., Eq. (19) is the same as Eq. (12). Eq. (12) is independent of the particular tactoid model assumed. This relationship is also as expected because only the clay volume fraction inside the tactoid contributes to the difference in refractive index between the tactoid and the solvent. In agreement with Shainberg and Otoh (1968) , the ratio of absorbance indices at constant wavelength of different clay suspensions of the same weight per volume ratio can be used to estimate differences in particle size. This ratio equals the ratio of the number of clay plates per tactoid in each clay. The validity of these statements depends on the applicability of the Raleigh or Debye light-scattering theories to clay suspensions and on the assumption that the major dimension of the clay particles can be assumed to be constant.
Viscosity measurements
Einstein's equation for the relative viscosity of a dilute suspension of uniform, noninteracting spheres is ~s R = */~/~0 = 1 + 2.5qbt,
where qb t is defined by Eq. (14). For anisometric particles this equation extends to
where the ratio of major to minor particle dimensions (a/b) has been included. The absolute viscosity, v/s, is related to the experimentally determined kinematic viscosity, ~9s K, by ~/s = PdOs K-
Thus, for tactoids of constant major dimension (a), Eq. (21) can be used to determine the ratio of the minor tactoid dimensions, b, of different clays in suspension of equal concentration (and thus equal volume fraction).
EXPERIMENTAL
Materials
A sample of montmorillonite, API No. 27 (Ward's Natural Science Establishment, Rochester, New York) from Belle Fourche, South Dakota (Kerr et al., 1950) was ground to -270 mesh, and 30-g samples were converted to the Na form by washing them three times in 500 ml volumes of 1 M NaC1. A sample of Wyoming bentonite (Fisher Scientific Company) was used as received and converted to the Na form in the same fashion. Total equilibration time was in excess of 70 hr. Preliminary desalting was accomplished by decanting and diluting until one liter of stable suspension was obtained. This suspension was allowed to stand until the >2-/zm equivalent spherical diameter fraction had settled out. The remaining suspension was desalted by an ultrafiltration/dialysis procedure described by Schramm and Kwak (1980) . The same apparatus was used to convert the Na-clay into other ionic forms as discussed in this previous paper. In this method, no clay compaction of any kind took place, and the suspension concentration remained the same throughout the desalting, conversion, and final desalting steps. The final salt-free suspensions were freeze dried for storage.
The clay samples prepared by this method, or any method involving washing with water to remove salts, are subject to hydrolysis. As a result the clays are not homoionic but are approximately 90-100% homoionic. This is an inherent disadvantage in working with suspensions at zero ionic strength. The charge density of the clay is not affected by such procedures.
Methods
All measurements were carded out on suspensions of 0.200 g of salt-free, freeze-dried clay contained in 100 g of water, unless otherwise stated. Bi-ionic clay suspensions were prepared by mixing appropriate amounts of different homoionic clay suspensions. Transmittance data of suspensions were obtained using a Turner Spectrophotometer model 330 with a digital display. Measurements were made in the wavelength range 450-650 nm. The absorbance indexes of Na-and Ca-montmorillonite suspensions were measured over the range 200-800 nm with a Cary model 14 recording spectrometer. The optical path used in each instrument was L = 1 cm. (nrn) Figure 1 . Variation in absorbance index, K, with wavelength for 0.025 g/100 g HzO suspensions of Na-and Ca-montmorillonite.
The viscositites of suspensions were measured at 25.00~ using an Ostwald capillary viscometer (ASTM size 50, Fisher Scientific Company). The densities of suspensions were measured using a high-precision, flow, digital densimeter (model 02D, Sodev Inc., Sherbrooke, Quebec). Stable absorbance and viscosity measurements (size distributions) were observed within several hours of mixing the suspensions, in general agreement with the observations of Shainberg and Kaiserman (1969) .
RESULTS AND DISCUSSION
Particle size changes during ion exchange Figure 1 shows the variation in absorbance index, K, with wavelength for very dilute (0.025 g/100 g H20) Naand Ca-montmorillonite suspensions. The absorption peak centered at about 243 nm agrees with observations made by Banin and Lahav (1968) and by Banin and Shaked (1970) . Dufey and Banin (1979) proposed that the absorption is due to an adsorbed compound which limits the amount of plate condensation. In the present study hydrogen peroxide (30%, pH 6) and sodium dithionite-citrate treatments (e.g., Jackson, 1956 ) on Na-montmorillonite had no effect on the size of this absorption peak. Karickhoff and Bailey (1973) concluded that the absorption is most likely due to a charge-transfer complex of octahedral oxo-Fe(III). The variation in absorbance with ionic form could then be explained simply by physical shielding of adsorbed species as tactoids form. No absorption features were found in the region 400-700 nm lending support to the validity of Eqs. (2) and (3) . A linear relation between the absorbance index and concentration over the range investigated ( Figure 2 ) constrasts with the suggestion of Banin and Lahav (1968) that the linearity might no longer hold at a concentration of 0.2 g/100 ml. This linearity did not hold (for the Na-form at least) for concentrations as high as 0.6 g/100 ml.
For nonspherical particles larger than those assumed in the ideal scattering model, a factor/3 was introduced, defined by Doty and Steiner (1950) and Banin and Lahav (1968) as
The value of/3 is assumed to depend only on the major particle dimension a, and corresponds to the quantity b of Banin and Lahav (1968) according to the relation /3 = 4 -b. The value of/3 was found to be constant over the wavelength range 400-700 nm indicating that only scattering was responsible for light attenuation in this region (cf. Banin and Lahav, 1968; Dufey and Banin, 1979 constant. Dufey and Banin (1979) estimated that such a variation in/3 as observed corresponds to a variation of about +-0.06 tzm in the major dimension. The changes in particle size which occurred during ion exchange ofLi, Na, K, Cs, and Mg by Ca are illustrated by the light-transmission results shown in Figure  3 , where a larger value of I/I0 corresponds to smaller particles. It can be seen that each ionic form is associated with a unique particle size. Further, during the exchange process from one ionic form to the Ca-form the particle sizes did not change continuously. Rather, the process was characterized by surface fraction regions of constant size and a region of marked size change. The shape of the Na-Ca exchange curve is in agreement with previous studies of this reaction Dufey and Banin, 1979; Shainberg and Otoh, 1968) . Shainberg and Otoh (1968) proposed that for Na-Ca exchange a marked preference of Ca ions for inner tactoid surfaces exists. According to this proposal, and proceeding from a Ca-form to the Na-form, Ca z § ions are first exchanged from external surfaces with no resultant change in tactoid size. Because the external surface area may only be a small fraction of the total, this region of surface coverage is small (XNa = 0-0.1). Next, Ca ions are exchanged from inner surfaces, Na ions penetrate interlamellar spaces, and the tactoids break open in the range XNa = 0.1-0.2. Once the tactoids have been broken up there is little distinction between surfaces, and no great size changes are observed for the remainder of the ion-exchange reaction. Also, the 10% of the capacity which is not taken up by Na due to partial hydrolysis of the salt-free clay suspension has a negligible effect on the features of this curve, although it may slightly influence the actual value of the average number of plates per tactoid.
If Li is the exchanging ion, the tactoids break open at an earlier stage of exchange, presumably due to the ion's large hydrated radius. For exchange with ions of increasing preferential binding (Na, K, Cs, Mg), the S-shaped curve becomes broader and finally approaches a virtually linear curve for the exchange with Mg. For this case there is apparently about equal preference for all surfaces even though Mg-and Ca-montmorillonites form different size tactoids.
The same trends are also reflected in the viscosities of the suspensions (Figures 4, 5) . The relative viscosity is a linear function of tactoid volume fraction as shown in Figure 4 . It should be noted that this linearity is not a test of the tactoid model adopted here---a plot of relative viscosity vs. (dry) clay volume fraction would also be linear. The linearity, however, indicates that little if any interaction takes place between the particles in this concentration range. With a nearly constant major particle dimension the relative viscosity reflects the tactoid thickness. Figure 5 shows that the viscosity data 
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- also indicate an increase in tactoid size for homoionic clays in the order Li < Na < K < Cs < Mg < Ca. A region of dramatic change in tactoid sizes is preserved in these measurements. Because of the apparent variations in tactoid size with ionic form, it is of interest to estimate the number of plates per tactoid.
Number of plates per tactoid
To estimate the number of plates per tactoid the major dimensions of the tactoids should be known. The correction factor, /3, in Eq. (23), obtained from measurements of light transmission at various wavelengths, is assumed to be indicative of changes in the major particle dimension. From measurements made at 450, 500, 550,600, and 650 nm, the small variation in/3 as a function of surface coverage for the ion exchanges vs. Ca (not reported here) showed some trends similar to those in Figure 3 . The values obtained for the homoionic clays are given in Table 1 . The variation in/3 is not large and could be due to minor differences in packing. The results for tics relative to those of/3Na and/3ca are essentially the same as observed by Banin and Lahav (1968, Figure 6) .
The relative number of plates per particle, Ni/Nj, can be determined directly from the light transmission data using Eq. (12). Alternatively, Ni/Nj can be determined independently from the viscosity data via Eq. (21), assuming that the major particle dimension, a, remains constant. Finally, if the variation in the/3 parameter is indicative of a variation in the major particle dimension, this variation may be included in Eq. (21), obtaining a corrected value of N~/Nj based on viscosity measurements, but using a correction based on the optical measurements. Optical and viscosity methods only give relative values of N. Both methods show that the Li-clay has the smallest particle size, possibly as fully separated clay plates. For this reason, the Li-clay was chosen as the reference, and all plate numbers are expressed as N/NLi.
In Table 2 columns 1 and 4 present data based on light transmission measurements, Eq. (12). For comparison the K/Ku data of Banin and Lahav (1968) are given in column 5. According to the present work K/KLi equals N/Nu. For reference, the values ofN/Nu, as calculated by Banin and Lahav (1968) , are included in parenthesis. The changes in N/Nu with surface coverage as calculated from the light-transmission data are illustrated in Figure 6 .
Relative plate numbers based on viscosity measurements, assuming the major dimension, a, to remain :l The values of N/NLi will depend on the choice of tactoid model. Low (1968) found that water near clay surfaces has a very high viscosity at the surface. About 0.5 nm away from the surface the viscosity drops to about 10% of the surface value. Thus, the clay tactoid may be considered to contain bound layers of water. Because these layers move as one integral part of the tactoids, the entire unit is responsible for the viscosity increase observed. Because of this choice of tactoid model, b/bLi = N/NLi without an additional correction such as is necessary if qb were to be taken as the volume fraction of dry clay plates (see, e.g., Shainberg and Otoh, 1968) . The results in column 2 can be compared to the similarly calculated values obtained by Shainberg and Otoh (1968) as given in column 6, but it should be noted that the value for the Ca-clay given there is relative to NNa = I. Dufey and Banin (1979) corrected the viscosity calculations for the small change in the major particle dimension, a, as inferred from the determination of fl, defined by Eq. (23). This approximate calculation assumed that fl is directly proportional to a, and set NLi equal to 1. For Li-montmorillonite a/b = 150 and b = 2.0 nm, so that a = 0.3 tzm. This value is in reasonable agreement with values using electron microscopy on a similarly fractionated montmorillonite (Shomer and Mingelgrin, 1978) . The measured value for fl is 2.19, and thus, following Dufey and Banin (1979) fli was set equal to 7.30 a~. The measured values of/3 for each cation form of the clay thus give major particle dimensions Dufey and Banin (1979) are in columns 7 and 8. Some Ni values determined by X-ray and neutron diffraction are included in columns 9 and 10. Referring to Table 2 as a whole, the results of the independent experimental methods are in reasonable agreement with each other. Correcting the viscosity data for the major particle dimension changes, as determined from the values of/3, yields values which are in better agreement with the direct light transmission results. This may mean that the transmission measurements are more sensitive to the particle thickness than are the viscosity measurements. Some uncertainty remains as to the exact values of the numbers of plates per tactoid, and the effects of edge-to,edge and edgeto-face interactions may prevent further resolution. Some progress towards obtaining the actual value of N~ by electron microscopy was made by Shomer and Mingelgrin (1978) who observed a curve similar in shape to that shown in Figure 6 for the Na-Ca exchange but reported a much higher number of plates for the pure Caclay, a number which in fact seems too large when compared with the data in Table 2 .
Discrepancies in literature values relating to particle sizes have been ascribed to differences in sample preparation Dufey et al., 1976) . Although air or oven drying of suspensions alters tactoid sizes Shainberg and Otoh, 1%8) , the present work as well as the results of Shainberg and Otoh (1968) show that freeze-dried and resuspended Ca-montmorillonite suspensions yield the same particle sizes as a Ca-montmorillonite suspension that was prepared directly from a Na-clay and desalted by dialysis (i.e., where compaction by drying or centrifugation is avoided). The agreement of the experimental data of this work with those of Banin and Lahav (1968) indicates that neither centrifugation nor filtration had a marked effect on the ultimate particle sizes in suspension.
In conclusion, the results are readily described by Shainberg and Otoh's (1968) model of ion demixing during ion exchange. This model has been correlated with other experimental evidence from, for example, exclusion volumes and self-diffusion coefficients (Dufey et al., 1976) . It is possible to assign values to the relative numbers of plates per tactoid in a consistent fashion. The changes in sizes observed correlate well with the ability of diffuse double-layer theory to describe the properties of, e.g., a dilute Na-montmorillonite suspension, and with the difficulty in attempting to use the same theory to describe the properties of Ca-montmorillonite suspensions. Overall, the results of this work support the existence of a dynamic equilibrium governing the average sizes of particles in montmorillonite suspensions.
